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‘Highway Transportation Economics 


By RICHARD M. ZETTEL 
Associate Research Economist, 
Institute of Transportation 
and Traffic Engineering, 
University of California 


N discussing a subject as broad as highway 

transportation economics it is necessary to 
choose the issues which seem, to the writer at 
least, to be most challenging. What will be 
attempted is a portrayal in broad outlines of 
the place of transportation in general, and 
highway transportation in particular, in the 
modern economy. Also to be pointed up are 
some of the broad economic issues which are 
of great concern to the public generally and 
should be of even greater concern to those 
directly connected with the transportation 
industry. 


BASIC ECONOMIC CONCEPTS 


Economics is the study of the utilization of 
limited resources to satisfy human wants; it 
is a study of the production, distribution, and 
consumption of goods and services. It is 
basically concerned with the allocation of re- 
sources among the various uses to which they 
may be put. As we shall see, in the modern 
economy a considerable share of our economic 
efforts, of our labor, capital, and managerial 
ability, is devoted to supplying transportation 
service; and a considerable share of our in- 
comes goes to pay for that service. 


Transportation Fundamentals 


Transportation service may satisfy human 
wants directly, as in the case of pleasure 
driving or vacation travel, or it may play a 
vital role in the productive process, as in the 
case of bringing raw materials to the factory 
and distributing finished goods to the market. 
In economic parlance, transportation adds 
place utility to goods and, hence, increases 
their value; otherwise it would not exist. 
These ideas may seem self-evident; but the 
significance of transportation’s role in a pro- 
gressive economy is not often fully appreci- 
ated. In fact, transportation is sometimes 
looked upon as a necessary evil, an unfortu- 
nate economic waste. Often neglected is the 
way in which an efficient transportation sys- 
tem increases our standards of living and 
contributes to our social well-being. 

Consider for a moment the primitive Ameri- 
can frontier town with its poor transportation 
facilities, and contrast it with the United 
States of today and its complex network of 
transportation. Only a moment’s reflection 
shows that adequate transportation makes 
for a tremendous difference in the economy. 
Of course, transportation has always been 
vital, even in the primitive economy—even 
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PUBLIC ROADS takes pleasure in presenting this stimulating discussion of 
highway transportation economics by Richard Zettel of the Institute of Trans- 
portation and Traffic Engineering, University of California. It is certain to be 
of keen interest to layman, engineer, and economist alike. 

Tt would require a weighty volume to detail exhaustively the maze of factors 
that complicate the problems of transportation economics. Many of the factors, 
as the author points out, are unmeasurable at present and may remain so. It 
is in the presentation of the problems of highway transportation economics that 
this article has its strength. Specific solutions are not offered. Indeed, there 
are no acceptable solutions to many of the problems that exist—at least, none to 
which all interested parties can now agree. 

One of the basic difficulties, Mr. Zettel notes, is to get and retain perspective. 
What is the proper position of highway transportation in the total transportation 
field? How should highway costs be assigned among the various classes of motor 
vehicles, and what responsibility should be assumed by the general public as 
distinct from highway users? What are our highway needs today, and how shall 
costs and benefits be related? And what is the public willing to pay? How 
should highway needs be measured in relation to other needs for the general 
welfare? 

Extensive research may eventually produce enough statistical data to permit 
derivation of theoretical solutions for some of these problems. But in the final 
analysis, as the author indicates, many decisions must rest upon collective 
judgment expressed through legislative bodies. It is hoped, of course, that 
research will whittle away at the edges of the imponderables and provide bases 
for sounder judgments which will reduce the imbalances and inefficiencies that 
may be present in our transportation system today. 

As Mr. Zettel points out, we may take comfort from the fact that, despite all 
the difficulties and confusion, we have a complex yet effective and competent 
transportation system in this country. The effectiveness of the great productive 
machine that has made possible our high standards of living cannot be attributed 
alone to the wealth of our natural resources, the skill of our labor forces, and our 
efficient use of capital. It rests also, in no small measure, upon this remarkably 
capable transportation system which we have developed. 

And highway transportation, all things considered, is perhaps the most im- 
portant of all, the author believes. Not only is it a potent competitive force, but 
it complements all other modes of transportation and plays an indispensable 
role in the direct satisfaction of human wants. A continuation of the phenom- 
enal progress of the past 50 years is one of the great challenges of the future. 

Engineers, economists, and public-finance experts may not all see eye to eye 
with some of Mr. Zettel’s theses and interpretations of available statistics, and 
publication of the article here does not signify that the Bureau of Public Roads 
necessarily vouches for it in entirety. The subject is so broad, so little explored, 
and so unsupported by facts, that lack of agreement is to be expected. Never- 
theless, the reading of so thought-provoking a discussion cannot fail to stimulate 
all who have an interest in highways and transportation. 


when it was pack-a-back. When early man for the richest of resources have no value 


learned to transport fish and game he im- 
proved his standard of living. Transporta- 
tion meant economic progress. Until iron 
ore and fuel, not 10 miles apart, could be 
brought together steel could not be made. 
Even today, one of the basic requirements 
for economic progress in the underdeveloped 
areas of the world is improved transportation, 


unless they can be moved, put into usable 
form, and then brought to the consumer. In 
a very real sense, the story of transportation 
is the story of civilization and economic 
progress. It is not surprising, then, that 
some have said the greatest invention of all 
time was the wheel. The anthropologist and 
the historian, the political scientist and the 
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A considerable share of our economic effort is devoted to supplying transportation services. 


(Washington, D. C.) 


sociologist, frequently find explanations of 
institutional settings and cultural activities 
rooted in the prevailing transportation pat- 
terns of the times. 


Transportation and Trade 


Transportation is the prerequisite of trade. 
The travels of a Marco Polo, the explorations 
of a Columbus, were undertaken for purposes 
of trade, which presupposes transportation. 
Without improved transportation a commun- 
ity, or a nation, is limited to the goods it 
produces for itself. And transportation plays 
a more subtle role in our economy than merely 
permitting us to trade goods we have for those 
we have not. 


Much of our modern economic progress may 
be attributed to regional specialization or 
division of labor, which tremendously increases 
our productive capacity by increasing effi- 
ciency and making large-scale manufacturing 
possible—both by bringing together the ma- 
terials needed and by distributing the products 
to expanded markets. Consider the steel in- 
dustry of Pennsylvania, citrus production of 
California and Florida, cotton and tobacco 
raising in the South, lumbering in the North- 
west, the automobile industry of Detroit—and 
reflect on whether any of these would have 
been possible without improved transporta- 
tion. 


Transportation and Prices 


Transportation serves a useful function in 
equalizing and stabilizing prices. Improved 
transportation effectively stays the develop- 
ment of local monopolies. It assures that a 
crop failure in one area will not bring disaster, 
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for foods from other areas can be imported. 
Improved transportation increases competi- 
tion, for when prices in one area are raised 
above the cost of production in another area 
plus the cost of transportation, products will 
be imported. An important feature of our 
economic system, directly related to the ade- 
quacy of transportation, is the extent of 
healthy competition that takes place between 
suppliers at the fringes of market areas. 
(Delivered price arrangements and _ basing- 
point systems involving conditions of monop- 
oly, oligopoly, or monopolistic competition 
present issues which are not considered here. 
It is sufficient to say they do not vitiate, nor 
detract from, the main thesis presented.) 


Transportation and Land Use 


Transportation has a profound effect upon 
land uses and values. Some figures of the 
1850’s are available showing that a farmer 
would receive $48 a ton net for wheat if his 
land was onlv 10 miles from the major market, 
but the net price to a farmer 300 miles away 
would be only $4%—less than 10 percent as 
much. The difference was the cost of trans- 
portation by road. Now, if the direct costs 
of producing wheat at the ‘distant’ point 
exceeded $4% a ton, land there would have 
had no value for wheat production. However, 
if the direct costs were $2 at both points, land 
rent (for an acreage on which a ton of wheat 
could be produced) would have been $46 per ton 
at the closer point as compared with $2% at 
the distant point. The value of the closer 
land would have been more than 18 times that 
of the distant land. 

Today, fertile lands in many areas of the 
world still stand idle because of prohibitive 


transportation costs. A reduction in the cost, 
of transportation would tend ‘to increase land 
values in the remote regions but, at the same 
time, more land would be brought under cul- 
tivation and prices would tend to fall. 


Many interesting phenomena in land use 
can be explained by analysis of transportation 
conditions. In the early days, whiskey pro- 
duction became an important industry west 
of the Alleghenies; it was too costly to ship 
wheat except in bottled form. Illinois and 
Iowa both produced great quantities of corn, 
but hog-raising became a much more extensive 
industry in Iowa; while it was profitable to | 
ship corn to market from Illinois, the higher 
transportation costs from Iowa made it neces- 
sary to convert corn to meat prior to shipment. 


Examples of the profound and generally 
beneficial economic effects of improved trans- 
portation are almost limitless in number and 
variety. For instance, urbanization and the 
later phenomenon of suburbanization would 
have been impossible without adequate trans- | 
portation. The main point to be emphasized, 
however, is that good transportation serves to 
reduce the costs of production, even though it | 
is itself a cost of production. 


Passenger Transportation 


A comment or two should be added with 
respect to passenger transportation. That 
large portion which is indulged in for business 
purposes is subject to the same economic 
considerations already suggested. For ex- 
ample, it permits a greater technical division | 
of labor and thereby promotes efficiency in 
production. On the other hand, personal 
transportation for pleasure is consumption— | 
the direct satisfaction of human wants. As in | 
the purchase of any other goods or service, | 
the public interest is to get it as cheaply as 
possible. 


A General Conclusion 


What has been said is intended primarily to | 
establish not only that transportation is in- 
dispensible in a progressive society, butalsothat | _ 
any lowering of the costs of transportation is | 
good for the general economic welfare. 
Transportation is one of the costs of pro- | 
duction. Whenever any of these costs is 
reduced our economy is strengthened; our | 
standards of living can be raised. It is vitally 
important, however, that we bear in mind a 
clear concept of economic costs. By lower- 
ing the costs of production we mean either 
(1) producing the same amount of goods 
and services with a lesser expenditure of 
economic resources—labor, capital, and land, 
or (2) producing a greater amount with the 
same expenditure. From this it follows that 
when we appraise the costs of transportation 
service we must include all of the economic | 
costs. It matters not whether the costs are 
met publicly or privately. Unfortunately, a | 
prevalent tendency in some quarters is to 
ignore such costs as highway improvement, 
navigation development, or airport provision 
when they are paid for by government—a 
subject about which more will be said. 
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We have in this country a highly developed 
extremely complicated system of domestic 
sportation, consisting in the main of rail- 
ds, waterways, highways, pipelines, and 
irlines. A few figures, taken more or less at. 
dom, indicate the significance of transpor- 
ation in the United States. In 1950 it was 
stimated that intercity freight traffic 
mounted to 1,017 billion ton-miles. That 
gure may mean more if we realize that we 
ioved in intercity transportation 1 ton of 

ght about 6,800 miles for every man, 
In the 


00 billion passenger-miles in intercity move- 
rent—the equivalent of 2,600 miles for every 
erson. The movement of people and ae 


| 


; “ures. 
e have built up a tremendous private and 


ib iblic investment in transportation facilities. 
lore important, however, is the amount we 
expending annually for transportation. 
*he figures are astounding. It is estimated 
at expenditures for personal transportation 
1950 totaled almost $23 billion—almost 12 
ercent of our total consumption expendi- 
ures—and that figure does not include any 
penditures for transportation service that 
7as incorporated in the prices of things we 
ought. The combined freight revenues of Class 
| railroads and Class I motor carriers of property 
are was in the neighborhood of $12 billion 
a 1950. For the development and promotion 
i kinds of domestic transportation the 
‘ederal Government alone is spending about 
billion dollars annually. We need not 
oncern ourselves too much with figures of 
his sort. But we should realize that about 
* me -fifth of our total national effort is being 
 xpended for transportation service—an appre- 
iable slice of the national economy. 
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_ Highway Transportation 
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ie particular interest in this discussion is 
ighway transportation. The motor vehicle 
J as virtually revolutionized the industry. 
S Barely more than 50 years ago one of our 
 xading economists could say: ‘The road sys- 
*/em as a matter of national importance is a 
8 hing of the past.’’ Today in excess of 50 
' /aillion motor vehicles—9 million of which are 
y tucks and busses—are operating on our high- 
4 vay plant. In 1950 we traveled more than 
187 billion passenger-miles and carried 126 
T iillion ton-miles of freight over the highways 
8 ‘etween cities. We consumed almost 36 
ti i lion gallons of motor fuel on our roads and 
| treets. We had about one passenger car for 
|very 3.7 persons and more than one truck for 
Ty 18 persons in 1950. 
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he magnitude of finances involved is per- 
‘aps more important. Retail sales of auto- 
* aobiles and automotive products exceeded 
26 billion in 1948—more than 20 percent of 
Il retail sales in the country. It has been 
imated that the total annual cost of high- 
‘vay transportation is somewhere in the neigh- 
orhood of $40 billion—about one-seventh of 
gross national product. One worker out 
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of seven is employed in some phase of highway 
transportation. 


Total expenditures for highways are almost 
as astonishing. We are attempting to main- 
tain and improve a road and street plant of 
more than 3,300,000 miles. In this effort we 
have spent more than $60 billion for highway 
construction and maintenance in the last three 
decades. In 1950 we spent more than $4 bil- 
lion for highway purposes, of which $2.4 
billion was for construction and rights-of-way 
for State highways and local roads and streets. 
We collected more than $2.6 billion from 
highway users in the form of State road-user 
taxes, and large additional amounts in Federal 
excises and other general taxes. 


Competition in Transportation 


Highway transportation has changed a 
situation of virtual monopoly to one of very 
The competitive 


considerable competition. 


relations among carriers are & matter of basic 
interest to the economist. It is difficult to get 
a good grip on this problem, however, for each 
of the carrier groups has distinctive character- 
istics. In important areas they are comple- 
mentary rather than competitive. For 
example, trucking within cities does not com- 
pete with rails or other modern forms of 
transport. Most trucking from farm to mar- 
ket or railhead is not competitive. Even if 
certain goods are moved by rail or water or air 
one time or another, at some time—probably 
many times—during the flow from producer 
to consumer the goods are moved by truck. 
Many such movements are not competitive. 

Yet there is no doubt that truck transpor- 
tation is making serious inroads on rail trans- 
portation. In 1950, trucks hauled 12.4 
percent of the total ton-miles of intercity 


freight. The rails hauled 60.4 percent, and 
water, air, and pipelines accounted for the 
rest. As between trucks and rails, the 





Transportation service brings raw materials to the factory (secondary road in Oregon) . . . 


. . . 


and distributes finished goods to the market. 





(Maine Ave., Washington, D. C.) 
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percentages were 16 for trucks and 84 for rails. 

The railroads themselves recognize that 
only a fraction of all trucks are actually com- 
petitive. They developed figures for 1948 
indicating that only 400,000 of the more than 
7 million trucks then in operation—those they 
called the “highway freighters’—were truly 
competitive. However, it was also estimated 
that these vehicles carried about 72 percent 
of the intercity truck traffic freight ton-miles. 
This would indicate a total of about 63 billion 
ton-miles. In the same year, the rails carried 
643 billion freight ton-miles—over 10 times 
as much. 

To carry all of the freight traffic in trucks, 
assuming it were at all possible, would seem to 
require about 4,400,000 “highway freighters.” 
One may wonder what sort of highway system 
would be required to accommodate 11 times 
as many large motor freight carriers as we 
now have. But all this is mere speculation 
because there are sound economic reasons 
why trucks could not handle all the bulk, low- 
value, long-haul traffic that is today moving 
by rail and water. It would seem that any 
talk about decadence of the railroad industry, 
as if it were on the way out because of truck- 
ing, is premature—to say the least. 


Trends in Transportation 
Competition 


The real significance of highway transporta- 
tion is not measured by the relative magni- 
tudes, however. The trends are the important 


thing. For example, in 1940 there were 
4,900,000 trucks on our highways. The 1951 
estimate is 9,100,000—nearly double. The 


sizes of vehicles, the loads carried, and the 
distances run have also increased phenom- 
enally. The Bureau of Public Roads esti- 
mated that loaded truck combinations carried 
91.4 billion ton-miles of freight in 1950 on 
main rural roads, as compared with 13.7 
billion in 1986—an increase of 565 percent. 
On the other hand, single-unit trucks carried 
14.3 billion ton-miles in 1936 and 29.6 billion 
ton-miles in 1950, an increase of 107 percent. 
Average weights of loaded combinations on 
the main rural roads increased 55 percent 
between the 1936-87 period and 1950; average 
weights of loaded single-unit trucks increased 
11 percent in the same period. 

Here is another important trend. The 
revenues of steam railways were $4,050 million 
in 1939 and $9,587 million in 1950, but the 
revenues of motor carriers of property subject 
to regulation of the Interstate Commerce 
Commission increased from $792 million in 
1939 to $3,737 million in 1950—an increase 
of 372 percent for trucks as compared with 
137 percent for rails. 


A matter of grave concern to the railroads 
is the fact that rail revenues went down 
significantly in 1945 and 1946 but in these 
years motor carrier revenues continued to 
increase. Again, in 1949 there was a sig- 
nificant 11 percent drop in rail revenues from 
the preceding year, but the revenues of motor 
carriers of property increased 8 percent. 


One of the important facts revealed by the 
comparative data is this: Although ICC 
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regulated motor carriers of property in 1948 
hauled only 6.6 percent as much freight 
as rails in terms of freight ton-miles, their 
revenues were 34.7 percent as much as the 
rails. In 1950 Class I motor carriers re- 
ceived about 5.2 cents per ton-mile as com- 
pared with about 1.3 cents for rails. Thus, 
it is clear that truck traffic is considerably 
more remunerative than rail traffic on a 
freight ton-mile basis. 

Now, there are several reasons for this. 
In general, motor carriers carry more valu- 
able, higher-rated commodities; rates for 
less-than-carload traffic are higher than for 


carload traffic; rates for long hauls are lower ° 


on a ton-mile basis than for short hauls. 
To the extent, however, that trucks drain off 
the cream of the traffic, the problem of the 
rails is intensified, for they are left with the 
less remunerative traffic which may little 
more than cover out-of-pocket costs. A 


Savings in operation may justify substantial investments in highway improvement. 
(Eastshore Freeway, California) 


continuation of this trend would have a 
serious impact on the rate structures and 
financial stability of rail carriers. 


Advantages of Highway 
Transportation 


Little time need be spent here in exploring 
reasons for the phenomenal growth of for-hire 
highway transportation. Its obvious ad- 
vantages are flexibility and adaptability and 
these add up to economy and speed. Of the 
two, speed—the time elapsed from initiation 
of the shipment to delivery at the destination 
—is the more important in many current 
Situations, for time in transit can be quite 
costly to both consignors and consignees. 
More rapid transport has fostered the smaller 
inventory policies of many businesses and has 
resulted in substantial interest savings. 
Another of the inherent advantages of highway 
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‘transportation is the ability of the motor 
_|iearrier to adapt the size of the vehicle to the 
shipment, thus making the industry especially 
capable of handling less-than-carload freight 
4 expeditiously. Door-to-door service, less 
handling of goods, lower packing costs, are 
} among the many other factors that contribute 
to the success of the trucking industry. 


Another factor partly responsible for the 
| initial success of trucking was certain rate- 


| while rails had a near monopoly of the traffic. 
‘For example, predominant emphasis on value- 
“} of-service rather than on cost, in fixing rates, 
{| and preferential treatment of long-haul over 
‘yj short-haul traffic, provided a situation in 
3} which a new group of carriers, already having 
certain inherent advantages, could rather 
}y easily attract a substantial amount of the more 
}remunerative business. Not to be over- 
looked, also, is the fact that the motor vehicle 
" provided an opportunity for producers to 
{| haul their own goods whenever rates seemed 
‘| out of line or it seemed convenient to do so. 
\\| The significant fact is that the development 
of highway transportation has transformed 
‘an industry of monopolistic characteristics 
: to one of intense and effective competition— 
4! a condition that the general public and policy 
_makers have been somewhat slow to recognize 
and appreciate. 


























An outstanding feature distinguishing high- 
“| way from rail transportation is the public 
4, provision, financing, and management of 
| roadways for motor vehicles. This has 
*/made it possible for many thousands of 
operators to enter the transportation in- 
| dustry. One truck or bus is all that is needed 
| to set up in business. The result has been 
+ not only competition between rails and motor 
-earriers, but also intense competition among 
segments of the motor-carrier industry; and 
| hanging over the entire public-carrier in- 
dustry is the constant threat of private 
'} operation of motor vehicles by industrial and 
commercial enterprises. The motor-carrier 
industry, despite the development of a few 
ii large carriers, is still characterized by thou- 
sands of small operations, involving relatively 
small investments, and often managed on a 
family or individual proprietorship basis. 
| Progress has been slow in adapting public 
policies to the realities of this new situation. 
The regulatory agencies and the courts are 
just beginning to discard the monopoly 
concept and come to grips with the problems 
of “regulated competition.” 

i 


# HISTORICAL ASPECTS OF THE 
| HIGHWAY FUNCTION 


i The rapid development and wide-spread use 
jt of the motor vehicle, which has so enormously 
w increased the capacity and efficiency of our 
i transportation facilities and changed the*basic 
i character of our transportation system, has 
tt also brought with it a whole new set of prob- 
| lems, particularly involving questions of pub- 
¢ lie policy. 

a) _ The enormous growth of motor-vehicle use 
4 sometimes tends to obscure the historical sig- 


i nificance of roads. But in any fair appraisal 
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of highway transportation today, it is essential 
to bear in mind that highways were not pro- 
vided publicly in direct response to the de- 
mands of the motor-carrier industry. Nor, 
for that matter, is the motor vehicle respon- 
sible for the initial development of the road 
plant. 


An interesting story, fraught with both 
economic and social interest, can be traced in 
the evolution of roads from the footpaths of 
primitive societies, which followed animal 
trails, to the modern high-speed, controlled- 
access expressways of today. We can only 
mention in passing the network of roads 
developed by the Roman Empire which con- 
tributed much to its military and other suc- 
cesses; and, on this continent, the roads built 
by the Incas of Peru which not only surprised 
the European explorers who found them, but 
are regarded even today as substantial engi- 
neering feats in view of the physical and 
technological handicaps under which they 
were constructed. 


Early English Roads 


Among the interesting features in English 
road history is the extensive network con- 
structed by the Roman conquerors between 
A. D. 48 and 407, about which one writer 
commented that no engineering work compa- 
rable was seen until the railroad era, and 
another said, the history of English roads is 
almost the history of how and why the Roman 
roads became the modern trunk roads. 


Another English development, perhaps hav- 
ing current significance, was the spread of a 
system of private toll roads, called turnpikes, 
in the 18th and early 19th centuries. These 
roads were privately constructed under goy- 
ernmental authority and protection. As a 
result of more than 4,000 legislative acts, all 
of the main roads of the country became toll 
roads and there was great improvement of the 
general highway system. Here then, is per- 
haps the first example of commercial operation 
of the road plant, based upon the concept that 
highways are not merely of local interest but 
are so important to the users that special 
charges can and perhaps should be imposed for 
their use. Public dissatisfaction with the toll 
barriers led to a process of ‘‘disturnpiking”’ 
inaugurated in 1837 but not finally completed 
until 1895. 


Early American Roads 


As might be expected, road history in early 
America rather closely paralleled the English 
history of the times. The first half of the 
19th century was mainly a turnpike era. In 
1792 Pennsylvania chartered the Lancaster 
Turnpike Company which constructed the 
first macadam road in the country as a toll 
facility. The toll movement spread rapidly. 
New York had chartered 500 toll bridge and 
turnpike companies by 1836; Pennsylvania 
had 220 companies; New England was covered 
by a network of toll roads. (And some people 
today regard the toll road as a modern inno- 
vation!) 

A great many speculative excesses and 
abuses as well as mismanagement of the toll 


roads led to financial failures, resulting in 
losses both to individuals and to States that 
had heavily invested in them. Toll roads 
began to disappear from the scene about the 
middle of the 19th century, not only because 
of mismanagement but also because first canal 
and then railroad building had captured the 
public interest. So it was that highway im- 
provement and maintenance became an or- 
phan, to be sadly neglected during the latter 
part of the 19th century. What little was 
done, was done by local government, often 
under a procedure by which the citizens were 
expected to work out their local taxes by work- 
ing on the roads, a practice that was charac- 
terized by inefficiency but seemed to be rather 
enjoyed as a social event. It was under these 
circumstances that Arthur Twining Hadley 
(then president of Yale University) could say 
in 1900 that roads no longer had national 
importance. 


As a matter of fact, however, a good-roads 
movement was beginning to make itself felt 
in the late 1800’s, before the automobile 
assumed any real importance. Railroad in- 
terests and bicycle manufacturers as well as 
farmers spearheaded the movement. But the 
real impetus was to come after the motor 
vehicle attained a significant place in the 
transportation scene. 


Competition, Conflict, and Change 


Perhaps one of the lessons to be learned 
from the history of transportation is found in 
the great conflicts of interest that arose when- 
ever new methods appeared on the scene. The 
turnpikes gave way to canal and railroad 
building. The significant fact is that efforts 
were made to perpetuate the turnpikes; 
again much effort was devoted to the pro- 
tection of canals when railroads promised to 
become a threat. Even the conflict between 
‘Wwheelmen” and “livery men” at about the 
turn of the century was intense enough to 
evoke comment from one of California’s 
first highway commissioners to the effect that 
every good bicycle town was also a good 
livery town so the livery people should not 
stand in the way of road improvement. 

In our competitive society the old is ex- 
pected to give way or to be modified by the 
new; it is to be expected, also, that vested 
interests in the old will resist change and bend 
every effort to protect themselves from new 
competition. Yet our economy is founded 
on change, however ruthless it may seem, 
for it is based on the principle that the exer- 
cise of intelligent self-interest nearly always 
advances the public interest. One who under- 
stands this will not be too surprised at the 
current campaigns of opposing forces in the 
transportation industry. He will under- 
stand why such fights often generate more 
heat than light and that the claims and coun- 
terclaims on all sides are frequently excessive. 
But even a dispassionate appraisal of the 
current situation will reveal that there are 
significant problems in transportation which 
do affect the public interest, even if they do 
not add up to the “crisis” one so frequently 
hears about. 
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The carrier groups are more complementary (Chicago airport) .. . 





than they are competitive. 


THE HIGHWAY FUNCTION TODAY 


The States today are managing what in 
effect amounts to one part of a full-scale trans- 
portation service. There has developed a 
partnership in transportation, not often fully 
appreciated, between government, which sup- 
plies the roadways, and private individuals 
and business firms, which supply the operat- 
ing equipment. It is no easy task to coordi- 
nate these elements into an efficient transpor- 
tation service. One of the great difficulties 
arises from the present-day conflicts of interest 
among various groups of users of the publicly 
provided road plant—for example, between 
truckers and automobile owners and among 
competing commercial highway users, such as 
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common, contract, and private carriers. Ad- 
ditionally, there is the bitter controversy be- 
tween motor carriers and other carriers, such 
as the rails. 

In analyzing the transportation problem of 
today, one fact is worth remembering. The 
basic outlines of the American highway system 
were laid out long before any competitive 
threat of commercial motor-vehicle transpor- 
tation to rails or other transportation agencies 
was realized. And the highway problem of 
today cannot be laid on the doorstep of the 
half-million heavy trucks that offer direct 
competition to other transportation. 

The accommodation of more than 50 million 
other vehicles—passenger cars and comple- 
mentary commercial vehicles—poses the basic 
































highway problem. The freedom of moyi 
ment, convenience, speed, and other featur 
of private passenger-car transportation w 
have appealed to the American people an 
have led to the expenditures of a substan’ i 
portion of their incomes for highway tran) 
portation are largely responsible for mod 

highway development. One evidence is tha 
of the 400 billion passenger-miles traveled i 
intercity movement in 1950 by all forms ¢ 
transportation, almost 85 percent took plac 
in private passenger cars. Recognition of th 
situation, however, should not obscure th); 
economically important fact that highway) si 
are multiple-purpose facilities which are use 
by many kinds of vehicles. ' 


Economics of Joint Highway Use 


The fact that highways are publicly pre 
vided and jointly used is perhaps one of th}, 
greatest economic advantages of highwa; 
transportation. The road plant is supplied i 
response to numerous and varied demands 
We have, therefore, an outstanding exampl 
of the economies of joint use, on the one hand 
and the problems of joint-cost apportionment 
on the other. 

To illustrate: A basic highway plant may bi 
provided for passenger cars under any circum 
stances; if trucks are permitted to operate o 
the same highways and pay all special cost 
for which their operation is directly responsi 
ble, any additional payments they may maki 
go toward defraying the costs of the basit 
highway, and hence benefit all passenger-cai 
operators by reducing the costs of the basi 
highway to be apportioned among them. 

Conversely, the truck operator who pays al 
of the direct highway costs assignable to him}, 
is benefited by the tax contributions of pas}, 
senger-car operators that go to defray the), 
overhead costs of the basic highway plant. 

The point is that when different groups ol 
users can use the same highway plant both 
the total costs and the costs for each group 
will be less than if each were required to sup- 
ply its own facilities; provided, of course, that} . 
each group meets all costs for which it is}. 
directly responsible and contributes something} | 
to defray the joint or overhead costs of the 
plant. | 

Perhaps a purely hypothetical example 
will help at this point. Suppose that a given 
stretch of four-lane highway adequate for 
passenger cars only could be constructed for 
$200,000. Suppose the same stretch could 
be built to accommodate both passenger cars 
and trucks for $240,000, and that a two-lane 
highway costing $140,000 would suffice for 
trucks alone. Now if two highways were 
built—one for passenger cars and one for 
trucks—the total outlay would be $340,000: 
as compared with only $240,000 for the single 
highway that would carry both kinds of traffic. 
The loss to the users—and to the economy— 
would be $100,000. Now if, for this single 
highway, passenger-car operators paid any- 
thing less than $200,000, they would save 
money. By the same token, if the truck 
operators paid anything less than $140,000 
they, too, would save. Thus, if passenger 
cars were taxed $150,000 and trucks were 
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taxed $90,000 each group of users would save 
$50,000 over what it would cost to supply 
themselves separate facilities. Here, then, 
‘we see clearly the economies of joint use. 
Problem of Cost Assignment 
But, at the same time, the example illus- 
trates the problem of highway cost assignment. 
'W) In the first place, it might be difficult to prove 
; that it would cost $40,000 more to provide the 
\ highway for both kinds of traffic than for the pas- 
| genger-car highway alone. And, if that hurdle 
is passed, the problem remains of apportioning 
the joint cost—that cost for which neither 
) group can be held solely responsible—between 
‘them. Shall passenger cars be charged 
$200,000—the amount required for a basic 
highway? If so, the trucks would be charged 
only $40,000. Or should truckers be charged 
$140,000—the amount they would pay for 
their own highway? If so, passenger cars 
would be charged only $100,000. 
The point is that anything the truckers pay 
over $40,000 helps the passenger-car opera- 
tors, and anything the passenger-car operators 
pay over $100,000 helps the trucks. The 
complexity of apportioning joint or overhead 
highway costs among users becomes obvious. 
‘ll Even assuming that all direct costs have been 
ascertained and assigned to the responsible 
groups, all that can be said for sure is that 
truckers should pay at least $40,000 and not 
“more than $140,000, while passenger-car 
operators should pay at least $100,000 and 
“ not more than $200,000. 
Thus, to apportion the truly joint costs of 
the highway plant in order to fix reasonable 
user charges, we must turn to some theoret- 
ical basis such as relative use, differential 
benefit, or value-of-service. Naturally, there 
is much room for disagreement. The situa- 
tion is tremendously more complicated in 
actual practice than in our example. First, 
we lack the detailed information necessary to 
‘lS ~ascertain to anyone’s satisfaction the direct 
costs of the entire plant for which any par- 
ticular group of users should be held respon- 
sible. Second, we are dealing with many 
kinds and sizes of vehicles, carrying all types 
of passengers and commodities, using different 
segments of the highway plant in varying 
degrees, operating different mileages during 
the year, and, by administrative necessity, 
subject to different kinds of imperfect user-tax 
bases. 


ay l 


Various Concepts of the Problem 


The manifold problems involved in ration- 
alizing and coordinating transportation serv- 
ice today are overwhelming. Anyone familiar 
' with the subject would readily subscribe to 
the words of the late Director of the Highway 
Research Board, Roy Crum, when he said: 
“To visualize the whole picture at once has 
already given me mental indigestion.”’ 

One of the basic difficulties is to get and 
retain perspective. Not only among the 
| directly conflicting forces are differences of 
/ opinion found. Many significant differences 
in approach to highway and other transporta- 
tion problems are found among observers who 
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presumably are impartial or at the least should 
not be passionately interested in the outcome. 

For example, the highway engineer may be 
primarily interested in getting roads built to 
accommodate traffic; the competitive aspects 
of highway transportation do not trouble him; 
even the questions of wise allocation of 
limited economic resources or equitable 
taxation for highways are likely to be given 
short shrift. 

The transportation economist, on the other 
hand, is likely to emphasize to the exclusion 
of all other considerations the competitive 
aspects of highway transportation and the 
effects on other carriers; private transporta- 
tion, the prime generator of highway demand, 
may be virtually ignored. 

The public-finance expert may fail to rec- 
ognize the competitive aspects of highway 
provision and treat it as any other function 
of government, to be financed under the 
general tax system; he may see no merit in 
legal provisions against diversion to non- 
highway purposes of taxes collected on a 
user basis; he is likely to advocate annual 
budgeting of highway funds in the same 
manner that all other funds are budgeted. 
He fails to appreciate what the transportation 
man sees or to recognize the engineer’s demand 
for a reasonably steady and assured flow of 
income in order to permit long-range planning 
and orderly development of the highway 
system. 

Such circumstances remind one of the 
parable of the blind men whose descriptions 
of the elephant differed so much because 
each had come into contact with different 
parts of its anatomy. If the experts do not 
see eye to eye, but get ‘‘mental indigestion”’ 
when viewing the whole transportation prob- 
lem, is it any wonder that laymen have 
difficulty? Is it any wonder that our policy 
makers find little positive guidance in reaching 
the practical decisions they are inexorably 
forced to make? 


Divergent Principles 


Perhaps one source of difficulty in the 
management of our highway affairs lies in 


oie 


The motor carrier is adaptable to the commodity in shipment. 


what Professor Shorey Peterson of the 
University of Michigan has called our ‘‘vacil- 
lating allegiance” to the divergent principles 
of the public economy and the private 
economy when confronted with various 
issues. 

On the one hand, we are prone to treat 
highways like any other function of govern- 
ment. We do not distinguish taxes for 
highways from other taxes. We rely upon 
political judgment as to how much to spend 
for highways just as we do in determining 
how much to spend for schools or welfare. 
We also rely upon judgment as to how to 
distribute the cost, with little regard to the 
possibility of differential benefits to different 
groups or individuals. We justify expendi- 
tures in broad generalities, stressing the 
general welfare. 

One unfortunate aspect of this approach 
to the highway problem is that we are left 
without any effective guides either as to the 
proper amounts and rates of investment in 
highways or as to appropriate methods and 
levels of taxation. Our sole criterion is how 
much we can collect from the taxpayers. 
When that has been determined, we must 
decide between many worthy but conflicting 
claims to the tax dollars on the basis of some 
vague, almost intuitive feeling of the effect 
upon the general welfai + of alternative courses 
of action. 

Operatior: in the private economy are, of 
course, governed by quite different considera- 
tions. Basically, the laws of supply and de- 
mand prevail. Goods are supplied in response 
,to demand; the individual indicates the benefit 
he expects to derive from the various goods and 
services by the prices he is willing to pay. 
On the other side of the equation, goods and 
services are supplied if the prices offered will 
meet the costs of production—the costs of the 
factors, labor, capital, and enterprise, that go 
into them. Thus, in effect, the demand- 
supply equation becomes a benefit-cost equa- 
tion. It has been suggested that principles 
applicable in the private economy can be 
adapted with appropriate modifications to 
serve as a guide in dealing with basic highway 
issues. 





(U S 1 north of 


Washington, D. C.) 
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A Modified Commercial Concept 


As we have seen, with the exception of the 
comparatively brief experience with toll roads, 
the provision of highways was treated as a 
general function of government before the 
advent of the automobile. The development 
of the motor vehicle has modified our thinking. 
The extended radius of travel, the types of 
roads required, the magnitude of finances 
involved, the competitive aspects of highway 
provision in a private-enterprise economy, the 
need for standards governing the rate of high- 
way investment, all conspire to give the high- 
way function a much deeper economic signifi- 
cance than it formerly had. ‘That the ap- 
proach to highway problems in terms of the 
private economy has made headway is 
evidenced by the elaborate user tax systems 
founded on a benefit concept that have been 
developed and revised from time to time in all 
States. Further refinement and application 
of this commercial concept to highways may 
aid in solution of the perplexing problems of 
cost allocation and investment. 


ALLOCATION OF HIGHWAY COSTS 


It has already been suggested that the 
allocation of highway costs among the various 
beneficiaries is one of the basic issues in 
highway finance. One could engage in an 
involved and extended discussion here, which 
would lead deeply into the complicated and 
controversial subsidy issue. What needs to 
be emphasized is principle. There are good 
reasons why users should not be held respon- 


sible for all costs of all segments of the high- 


way plant—a certain share should be assigned 
to property owners and general taxpayers. 
Once an assignment of responsibility to the 
highway users has been made, however, they 
should be expected to defray through user 
taxes all of the economic costs associated with 
highway provision. 

The second difficult cost assignment problem 
is the determination of shares of responsibility 
to be borne by vehicles of different sizes and 
operating different mileages on the highway. 
Perhaps no other issue is so bitterly debated. 
On the one hand, one finds the claim that 
heavy vehicles are pounding the pavements to 
pieces; on the other, that properly built 
highways are unaffected by heavy vehicle use. 
At one extreme, it is contended that fuel 
consumption is a suitable measure of highway 
use; at the other, that weight and distance as 
reflected in the ton-mile is the best measure of 
relative highway use and, hence, of highway 
_ benefit. 


Conclusive Answers Lacking 


The very fact that there is so much dispute 
suggests that conclusive answers have not yet 
been found. This is the case. Various 
theories have been proposed for spreading 
highway costs. Just to name them—differ- 
ential or incremental costs, relative use, value 
of service, differential benefits, differential 
space occupancy—is enough to suggest their 
complexity and diversity. Itis perfectly clear 
that one cannot hope to find a formula upon 
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which everyone can agree. For one thing, too 
little is known about highway costs. This 
may seem disconcerting in view of the fact that 
many billions have been invested in highways, 
but actually the problem is as much economic 
as it is engineering in nature. 

Before we are too critical of this situation, 
we should recall that in many other fields 
where difficult overhead cost problems are met 
no precise solutions have been found. As one 
example, transportation rates for different 
commodities and distances are based largely 
on value of service—that is, what the traffic 
will bear—rather than on cost. All direct 
costs of providing transportation service have 
not been isolated and measured; even if they 
were, the large remaining portion would be 
truly joint or overhead costs that would have 
to be distributed upon some theoretical basis. 
Price fixing for highways is analogous to, and 
subject to the vagaries of, rate making for 
utilities. 

There is, of course, a basic difference 
between private investment for profit and 
public investment, even when an attempt is 
made in the latter case to adopt certain prin- 
ciples applicable in the private economy. It 
is not to be inferred that the highway plant 
ought to be operated for profit. As in other 
monopoly situations, prices for highways 
might be fixed to maximize profits. However, 
it is well accepted that unregulated monopoly 
profits ought not be tolerated even in a private 
enterprise economy. Fixing charges for high- 
way use is somewhat analogous to fixing rates 
for utilities where the purpose is not to maxi- 
mize profits but to cover all costs plus a fair 
return on the investment. In various high- 
way situations, of course, there may be a 
consumers’ surplus in the sense that users 
would be willing to pay more than would be 
required to meet costs. 


It seems clear that long-term research and 
more concentration of attention on the high- 
way problem by people of diverse but relevant 
competences will lead to better solutions of 
the cost assignment problem than we now 
have. That the problem is receiving the 
interest it warrants is indicated by certain 
recent developments, among them being the 
creation by the Highway Research Board of a 
number of subcommittees “to bring about a 
frontal attack on this problem,”’ each of which 
will deal with different phases of the question 
of equitable allocation of highway-tax respon- 
sibility. The Maryland test road and other 
studies to be operated are expected to provide 
useful data in this connection. 


The essential requirement is that we focus 
attention on the costs of providing highways 
and strive toward the assignment of costs 
among beneficiaries on a rational basis. The 
goal toward which we press is to set the supply 
prices of highway service as they might be set 
in the private economy. When this is done in 
highway management and other fields where 
public aid is a factor, a realistic and economical 
basis for competition among the various trans- 
portation agencies will be established; and the 
rates of investment and distribution of traffic 
among the carriers will be determined by their 
relative economy and fitness. 


THE MODERNIZATION PROBLEM 


Perhaps one of the toughest public issues 
of the day concerns the appropriate rate of 
investment in the highway plant. We are in- 
formed by highway engineers, and indeed 


everyday experience tells us, that our highway 4 


systems are critically deficient in important | 
respects. A Nation-wide campaign for better ] 
roads is under way, sponsored by important | 
segments of the highway transportation in-_ 

dustry. All evidence points to the fact that a | 4 


considerably faster rate of highway expendi- ¥ 


ture will be required to bring the highway 


plant up to standards that will be regarded as |} 
satisfactory by the great majority of private Jy 


and commercial users. 


Highway Needs 


It was estimated by the California Division — 
of Highways last year that more than $3 billion _ 
would be needed to eliminate the State high- 
way deficiencies that existed under 1950 traffic 
and cost conditions. 
cate that to do this job about $1.5 billion— 
only half enough—will be available by 1962, — 
10 years hence. And during this period traffic. 
will continue to grow and probably will not — 
generate enough revenue to meet the addition- 
al needs as they arise. FY 

Owen and Dearing ! have summarized the | 
Nation-wide highway situation in these words: | 


We have now entered a new era of 
highway development. This stage 
in the physical development of the 
highway system is characterized by 
technical standards and capital re- 
quirements that make previous con- 
cepts totally inadequate. Highway 
administrators are confronted with a sit- 
uation analogous to that of an entire 
industry being overtaken by func- 
tional obsolescence. Survival de- 
pends on modernization; but in order 
to modernize, the old tools must be 
replaced and the entire plant rede- 
signed. 


In some quarters fear is now developing that | 
a continuation of present highway inade- © 
quacies and the prospect of even worse condi- 


tions will have a serious impact upon motor- |Jy 


vehicle usage. The consequences would ad- 
versely affect the general welfare, not only 
because of the deleterious effect upon trans- 
portation efficiency, but also because of the 
effect upon manufacturers and purveyors of 
automotive products. As we have seen, an 
appreciable part of our economic prosperity 
in reasonably normal times is dependent upon 
highway transportation of all kinds. It might 
be observed at this point that the rails and 
waterways carry an appreciable amount of 
freight that is dependent upon a thriving high- 
way transportation industry—not only finish- 
ed products but also the materials that go into 
motor-vehicle production and highway build- 
ing and use. 


' Toll Roads and the Problem of Highway Modernization, 
by Wilfred Owen and Charles L. Dearing. The Brookings 
Institution, 1951, p. 23. 
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There is conflict of interest among various road-user groups, but joint use is one of the 


advantages of highway transportation. 


Public Apathy 


In spite of the evidence pointing to great 
highway inadequacy and a vague general reali- 
zation of the fundamental importance of high- 
way transportation to the national economy, 


}there is considerable reluctance among the 


public to meet the issues squarely in the one 
way that really counts—additional financing. 
Perhaps an educational campaign with dra- 
matic appeal and readily understandable argu- 
ments might dispel this public apathy. The 
fact is that a bare inventory of highway defi- 
ciencies, regardless of its size, does not in itself 
make a compelling case for additional financing 
or furnish a satisfactory guide either as to the 
aggregate amount that should be expended or 


as to the rate of annual expenditure that might 


be tolerable. 

_ Time and again I have heard the heads of 
business state that their department heads or 
engineers can supply them with statements of 
needs and worth-while expenditures so large 
in the aggregate that they all cannot be 
financed, however much they might improve 


} the operations. Almost every family can make 


up inventories of justifiable needs that add up 
to expenditures far in excess of their incomes. 

The stark reality is that both the business- 
man and the family must adjust their expendi- 
ture programs to what they can afford out of 
‘current income or what they decide may be so 
essential as to justify pledging future income 
by borrowing. The businessman’s decision is 
influenced not only by the demand situation 


| as he estimates it, but also by the alternative 
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uses to which he might put the limited capital 
available to him. The family must inevitably 
balance benefits from one possible outlay 
against benefits that would be derived from 
alternative expenditures. 

It is not so with government in its usual 
operations. The government’s power to tax 
gives it the power to adjust income to the 
expenditure program that is regarded as neces- 
sary or desirable. The crux of the problem is 
to determine what is necessary or desirable. 
Ordinarily there are no positive guides and so 
we rely on the collective judgment of the people 
as expressed through their legislators. But in 
the case of highways, that collective judgment 
may be influenced and perhaps improved if we 
can apply at least some of the standards and 
principles that would apply in the private 
economy. What is needed is an accurate eval- 
uation-of the benefits of improved highway 
service, and a realistic comparison of those 
values with the full economic costs of providing 
the service. This guiding principle is much 
easier to state than to apply, however. 


Popular Appeal of Toll Roads 


Perhaps one of the reasons that toll roads 
are attracting interest and active support in 
many circles is that a value-cost comparison 
is applied in a way that can be generally under- 
stood. ‘The individual user can establish for 
himself a value-cost relation; before every trip 
he can weigh the benefits of using the facility 
against the toll charges. Ordinarily, the finan- 
cial solvency of a toll facility is subjected to 


rigorous engineering and economic analyses 
before it is undertaken. In effect, the poten- 
tial income depends upon the estimated de- 
mand for the service which, in turn, reflects 
the users’ estimates of the benefits they expect 
to receive. This potential income must be 
sufficient to meet the costs of the project, 
including interest and an extra margin for the 
risk involved, before the project will be 
approved. 


Unfortunately, no effectual way to apply 
this sort of value-cost analysis to the entire 
highway plant has been developed. Impor- 
tant applications of the value-cost ratios are 
made in determining relative merits of alter- 
native highway investments in the effort to 
maximize benefits to the highway users. How- 
ever, the problem is conceptually different 
from that under discussion here, for the money 
is already available for one highway improve- 
ment or another; the die’ is cast, the issue is 
not between highway expenditures and alter- 
native unrelated public or private uses of the 
funds. 

Without, at this time, judging the merits of 
toll financing under certain conditions, we 
may say that the basic highway problem does 
not permit solution by the erection of toll 
gates everywhere. This means that taxation 
must be used. As a general rule, however, 
highway taxes must be uniform throughout 
a political jurisdiction and must apply to 
everyone using any segment of the highway 
plant. What the people would pay based 
upon individual evaluations of the benefits if 
they had the choice of using or not using 
particular highway facilities will not be known 
as it is in the case of toll financing. But asa 
guide to policy it might be possible to approxi- 
mate a hypothetical demand curve based upon 
an estimate of benefits that highway users 
might expect to derive from a particular level 
of highway improvement. 


Measurement of Highway Benefits 


One obvious clue to the measurement of 
benefits to users is the effect of highway 
improvements on the total costs of highway 
transportation. As a matter of fact, we are 
spending considerably less than 10 cents of our 
highway transportation dollar for the road 
plant. A larger percentage spent on highways 
may mean a lesser total cost. This is the real 
import of the thought that we pay more for 
poor highways than for good ones. 

For example, savings in distance resulting 
from a highway improvement may result in 
savings in fuel and tire costs alone that will be 
more than sufficient to pay for the improve- 
ment. Less congestion, better road surfaces, 
reductions in grades all tend to reduce vehicle 
operating costs. In each case the benefits to 
the users can be reduced to monetary terms 
and offset against the highway cost. 

Moreover, savings in time that may result 
from any one of a variety of highway improve- 
ments may have tremendous economic value 
even if we conservatively consider only the 
time of commercial and business highway 
users. The saving of 5 minutes may seem a 
small matter for one operator, but over the 
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How shall costs be assigned among vehicles of different sizes, operating different mileages? 
(U S 1 near Newark, N. J.) 


course of the year, during which thousands of 
vehicles are involved, the savings add up to 
enormous sums which, when compared with 
the highway costs, may justify very sub- 
stantial investments in highway improvement. 

The reduction in accidents that results from 
highway modernization also means lower costs 
for both commercial and private users, not 
only in the savings through elimination of 
accidents but also possibly through reduction 
of insurance rates. 

In addition to tangible savings in operating, 
time, and accident costs there are intangibles 
to which, unfortunately, money costs cannot 
be attached—as, for example, the increased 
pleasure and comfort of the motorists on 
better highways. Undoubtedly these are 
benefits for which a great many motorists 
would also be willing to pay. It would seem 
proper, therefore, to reduce benefits to money 
equivalents wherever possible. But when the 
final decision is to be made, the intangibles 
must be evaluated by subjective judgment 
and may tip the scales in favor of higher level 
of improvement than might be indicated by 
monetary values alone. Here, then, after the 
technicians have completed their analyses, the 
collective judgment must come into play in 
reaching the final decision. 


The Users’ Willingness To Pay 


Concrete evidence of the highway users’ 
willingness to pay for improved highway 
service is found in the cases of certain toll 
roads in the East, where existing parallel non- 
toll roads are worn out, obsolete, or inade- 
quate. Motorists usually pay about 1 cent 
per vehicle-mile for operation on these toll 
facilities—the equivalent of a gas tax of 15 or 
20 cents a gallon in addition to their ordinary 
user taxes. Obviously the benefits of the 
higher type facilities, both tangible and intan- 
gible, as evaluated by the users themselves are 
substantial. ; 

The case is even more striking when com- 
mercial and business uses alone are considered, 
for here the intangibles play a lesser role and 
the cold calculations of cost against value-of- 
service are dominant. Yet it appears to be 
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to the advantage of the trucking industry to 
pay substantial tolls. For example, trucks 
are charged from 2 to 6 cents per mile, depend- 
ing on size, for operation on the Pennsylvania 
Turnpike, yet about two-thirds of the revenue 
is derived from truck traffic. The reasons are 
apparent. Studies indicate, for example, that 
fuel consumption of a 50,000-pound gross- 
weight combination is 50 percent higher on an 
alternate route than on the Turnpike, and 
more than twice the time is required to travel 
the same distance on the alternative highway. 


Problems of Estimating Costs and 
Benefits 


We have alluded from time to time in this 
discussion to the need for including full costs 
in appraising the relative economy of highway 
transportation. Without further elaboration, 
it seems self-evident that all costs must be 
included in any value-cost comparison that is 
to be useful in solution of the highway invest- 
ment problem. 

It should be mentioned that this considera- 
tion is generally based upon the assumption 
of an economy of fullemployment. A depar- 
ture from value-cost calculations, in the rigid 
sense, may be justified in a situation of under- 
employment. At such a time accelerated 
highway improvement may be considered an 
appropriate device to relieve unemployment 
and stimulate the economy. Even under such 
conditions, however, it is appropriate to maxi- 
mize the benefits of highway improvement; on 
the cost side of the equation it will be appro- 
priate to include less than the full monetary 
outlays (or perhaps calculate costs at zero) if, 
in fact, inflationary methods of financing are 
used which result in the employment of labor 
and other economic resources that would 
otherwise be idle. However, for purposes of 
comparing alternative public expenditures 
under such conditions it may be useful to 
develop benefit-cost ratios in which full mone- 
tary costs are included. 

It should be emphasized that there are 
tremendous difficulties in the way of making 
a precise value-cost appraisal for the entire 
highway plant. Not enough is known about 












vehicle operating costs for different vehicles 
under different highway conditions. It ij 
difficult to estimate the value of time saving 
for business and commercial users and de 
batable whether time savings for private user 
should be evaluated in money terms oO) 
regarded as an intangible. Placing an accept 
able money value on highway accidents i 
no easy task, even if a satisfactory methoc 
of estimating potential reductions is agreec 
upon. Nevertheless, it seems clear thai 
efforts should continue in this direction. Ii 
is to be hoped that continuing research wil 
reduce the areas in which disputable assump J. 
tions or purely subjective evaluations are 
required. 


Highways and the General Welfare 


It may have been observed that these 
remarks have been confined to the benefits 
that accrue to the highway user. No mentior 
has been made of the social and politica 
values which are frequently ascribed to high. 
ways and emphasized in justifying an improve: 
ment program. The existence and impor. 
tance of general benefits cannot be denied, 
But they do not lend themselves readily tc 
specific economic evaluation. On the con-}, 
trary, too much emphasis on general benefits 
may prove misleading. ‘The basic problem 
under consideration is the diversion of limited 
economic resources from other possible uses 
to highways. 

In many discussions of general benefits 
the fact is overlooked that the use of these 
resources for other purposes, whether private 
or public, may also render great general 
benefit to society. Almost every investment 
results in a general benefit. If it is said that 
highways aid the national defense, can it not 
be shown that a steel plant is also essential] 
to the national defense? If it be said that 
highways weave together the social fabric, 
or promote political cohesion, or bring new 
lands under beneficial use, can it not also 
be shown that railroads or canals will render 
similar benefits? If general benefit were the 
basic criterion of Government expenditure, 
nearly all economic activity should be sub- 
sidized. To attempt to weigh the general 
benefits of highway provision against the 
general benefits that would be gained from 
any one of all the possible alternative uses 
to which the resources might be applied is 
a task almost incomprehensible in its sheer 
magnitude. 

Yet it must be admitted that there are sit- 
uations in which highway or other public ex- 
penditures may properly be found by collec- 
tive judgment to be justifiable, even though 
they do not measure up under rigorous benefit- 
cost analysis. The benefit-cost approach is no 
panacea. To illustrate: The public purse has 
often been opened for the promotion and de- 
velopment of industry; perhaps in no field has 
its use been more generous than in transporta- 
tion, starting with early road development and 
extending to canal building, land grants to 
railroads, development of inland waterways, 
and, continuing to the present, airmail subsi- 
dies and airport and airway development. 
Many roads are developed (and more are re- 
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quested) which cannot be justified on a current 
traffic basis but which, it is hoped, will open 
new areas for profitable agricultural, mining, 
lumbering, or other development. 

Quite obviously, the use of tax money for 
promotions of this sort must rest largely on 
collective judgment based upon such facts as 
ean be marshalled regarding the future useful- 
ness of an industry or a transportation agency 
| or a newly developed area to the general wel- 
fare. Under such circumstances, it is obvious 
that any attempt to adopt standards appli- 
cable in the private economy must be aban- 
'doned. The problem is purely governmental 
| in character; general benefit rather than bene- 
fit to individuals or identifiable groups of 
individuals furnishes the standard. It is in- 
appropriate to raise revenue for such ventures 
through user charges; instead, general tax 
funds should be drawn upon. 

Frequently it will be appropriate to use 
' special assessments or property taxes to defray 
the costs of such highways, as in the case of 
streets in new subdivisions or roads in areas 
opened by reclamation projects. In other 
cases as, for example, access roads to military 
reservations, appropriations of general funds 
raised under prevailing tax institutions would 
seem appropriate. 


Practical Expenditure Problems vs. 
Theoretical Cost Analyses 


It would be nice if the value-cost approach 
provided a simple answer to the highway in- 
vestment problems, but it does not. Not only 
must the question of highway justification on 
the basis of general benefits be dealt with un- 
der certain circumstances, as pointed out 
above, but other practical problems are en- 
countered in the attempt to fix aggregate 
highway expenditures for the benefit of users 
on the basis of value-cost calculations. For 
example, it is quite proper to use true annual 
costs which include maintenance, depreciation, 
interest, and possibly taxes rather than ex- 
penditures in the comparison of value and 
costs. If highway improvements are financed 
through borrowing, or if, by sheer coincidence, 
annual depreciation on the highway plant pro- 
vides adequately for new investment, a show- 
ing that benefits are greater than costs is useful. 

But a pay-as-you-go system of highway 
finance, however desirable it may be on the 
basis of other considerations, may make bene- 
fit-cost comparisons virtually meaningless as a 
practical matter, particularly if the entire 
highway plant is in need of rehabilitation as 
seems to be the case today. The highway 
users are called upon to advance money to 
meet expenditures for improvements long be- 
fore the expected benefits accrue. It is true 
that the inclusion of interest in the cost calceu- 
lation theoretically solves the difficulty. But 
as a practical matter, the taxpayers are im- 
mediately burdened while the compensating 
benefits they will eventually enjoy are spread 
out over a considerable time in the future. 
Under such circumstances, a strong case for 
credit financing to spread the highway costs 
over time can be made. __ 

More elusive is the fact that although inter- 
est clearly should be included in cost calcula- 
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tions for certain purposes, it is by no means 
certain that it should be included in tax 
charges levied for the use of highways that 
have been financed on a pay-as-you-go basis. 
This observation warrants much theoretical 
analysis that cannot be included here. 

Previously mentioned was the fact that 
economists and engineers view the problems 
of highway finance from different perspectives. 
Economists would relate user charges to de- 
preciation, maintenance, interest, and possibly 
taxes, so that the highway users would pay 
full economic costs for that portion of the 
existing highway plant for which they are held 
responsible and which they are currently using. 
In this manner, subsidy is eliminated. But 
engineers are looking to the future. They are 
interested in an adequate expenditure program 
to expand the highway plant to take care of 
existing and anticipated traffic conveniently 
and economically. The fact is that if only 
annual costs of the existing plant are met by 
users the only amounts available for expansion 
of the plant would be the imputed interest 
that might be included in ascertaining annual 
costs. If additional funds are secured by in- 
creases In user taxes, users would pay more 
than annual costs and there would be an over- 
payment—a negative subsidy. 

The difficulty might be solved by borrowing 
or by the use of general tax funds for highway 
expansion. In the latter case, the popular 
notion that the use of general taxes for high- 
ways is clearly an indication of subsidy to 
users should be dispelled. However, the 
financing of a highway plant through general 
funds with subsequent repayment by user 
charges which include interest and general 
taxes, while conceptually sound in economic 


Our street and highway systems are critically deficient in important respects. 


theory, would require a radical departure 
from present thinking about highway prob- 
lems. It would raise another difficult policy 
question. Investment of general funds in the 
highway plant provided for benefit of users 
would be based, not upon the free choice of 
individuals, but upon collective judgment as 
expressed through legislatures and effected 
through compulsory taxation. What standard 
would guide policy-makers in determining how 
much current income or savings should be 
taken from individuals through general taxa- 
tion and invested collectively in highways? 


Benefit-Cost Ratio 


Conclusive 


Not 


Favorable 


The practical problem of dealing in highway 
expenditures when actually financing highway 
improvements but dealing in economic costs in 
making comparisons with highway benefits 
raises other issues. Perhaps these can be 
illustrated by a homely example. Let it be 
assumed that accurate cost studies show that 
a home freezer will pay for itself over a period 
of time by direct savings in food costs, and 
that it will yield other benefits such as savings 
in shopping time. Establishment of these 
facts will not be likely to cause every family in 
the nation to rush out and acquire a freezer. 
We have suggested one reason: An immediate 
expenditure is required; the savings will accrue 
over a period of years. (Even if credit is 
used for the purchase, the time extended ordi- 
narily will not be long enough to reduce pay- 
ments to an annual cost basis.) 

There is another reason. Each family has 
alternative uses for its funds. Suppose a 
family is faced with a choice between a freezer 
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and a television set. The annual money costs 
may be the same. But the cost to this family 
of acquiring a freezer will be the value (antic- 
ipated benefits) of the television set which 
would have to be given up. In its judgment 
the television set may yield greater benefits 
than the freezer, even though it has been 
proved that the freezer will pay for itself over 
time. 

The import of this observation is that 
costs as computed in highway benefit-cost 
calculations for investment analysis may be 
understated. It might be assumed that 
highway improvements will be justified when 
the benefits gained, evaluated in monetary 
terms, exceed the costs. But a home freezer 
also may yield benefits that exceed its cost. 
Just as the family might choose a television 
set instead of a home freezer, given a choice 
it might choose either of these instead of 
highway improvements, even though the 
latter was shown to yield benefits in excess of 
costs. 


Similar considerations might apply in 
business situations. Highway improvements 
may result in savings which over time more 
than offset their cost for a particular trucking 
firm. But suppose the firm could gain even 
greater savings with a similar outlay for 
modernizing its fleet of vehicles. This would 
be the more prudent investment, if the firm 
had any choice. 


Again, consider the total economy. Sup- 
pose it is proved that a given investment in high- 
ways yields benefits that far exceed costs. But 
society as a whole has alternative uses for 
its economic resources. And value-cost cal- 
culations for a reclamation project may also 
show benefits exceeding costs. How will the 
choice be made between the highway improve- 
ment and the reclamation project? Perhaps 
if there were only two alternatives an answer 
could be devised. But a formula to choose 
between highway improvements and all other 
possible uses, both private and governmental, 
both productive and consumptive, to which 
the limited resources might be put would be 
virtually incomprehensible. 


Judgment Is Involved 


It is clear, then, that benefit-cost analysis 
is subject to severe limitations, at least in the 
present state of knowledge. Individuals, 
businesses, or society as a whole may well 
find that highway improvements, despite 
favorable benefit-cost ratios, are less desirable 
than alternative uses of the resources. In the 
final analysis, the decision on aggregate 
highway investment must rest upon collective 
judgment expressed through the legislature. 
This is not to say that benefit-cost analysis 
serves no purpose. Quite obviously, if 
benefits are less than costs, highway expendi- 
tures would not be warranted. But where 
the benefit-cost ratio is favorable, subjective 
judgment must come into play. The higher 
the ratio, the more convincing is the case for 
highway expenditure. But at some point on 
the scale, perhaps a cut-off should be estab- 
lished. That point could only be determined 
by intersubjective agreement. 
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We have entered a new era of highway development. 
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Our discussion has been confined to benefit- 
cost calculations as a possible criterion for 
highway improvement programs. An ap- 
proach to the problem, now widely discussed, 
is based on an engineering evaluation of the 
sufficiency of various segments of the highway 
system, each segment being given a rating in 
relation to an adequate engineering standard. 
But unless all roads are to be brought up to 
the adequate standard, a point must be 
selected below adequacy which can only be 
determined by subjective judgment. A pos- 
sible guide in making this judgment is a 
comparison of highway benefits with costs 
at various points on the sufficiency rating 
curve. 

The fact that no formula has yet been 
devised to grind out a precise answer to the 
problem of highway investment is not sur- 
prising. Wherever economic choices are 
required, individual or collective judgment is 
involved. In the private business world, final 
decisions between alternative courses of action 
rest upon judgment of the head of the business 
or the board of directors. The economic 
decisions of the individual, the family, the 
business, and the government need to be 
buttressed by facts. One of the basic aims of 
economic research should be to supply the 
facts and make the analyses that will lead to 
more rational decisions. 


With respect to highway finance, there may . 


be no substitute for informed judgment, but 
as an initial step forward we need merely 
obtain public recognition of two basic concepts: 
(1) that highway transportation efficiency and 


economy depend upon both the public road- 


way and the private vehicle, and (2) that 


highway expenditures should be evaluated by 
weighing benefits against cost, and not as. 
government largess. 
to be salutary. 


CONCLUDING OBSERVATIONS 


The results cannot fail — 


Surely by now it must be clear why a con- | 


templation of highway transportation econom- 
ics is enough to give one ‘‘mental indigestion.”’ 
We may take comfort from the fact that, 
despite all the difficulties and confusion, we 
have developed a remarkably effective and 
efficient transportation system in this country. 
There is every reason to believe that further 
progress will be made. Competition will 
continue; there will be shifts of traffic; the old 
methods will give way to the new; and over-all 
efficiency will increase. It is perhaps inevi- 
table in the competitive system, particularly 
when complicated by varying degrees of gov- 
ernmental participation, that inefficiencies and 
imbalances -will be found when comparisons 
are made with theoretically ideal conditions. 

There is no easy way out of the difficulty, 
for it is apparent that the fundamental issues 


would remain, and perhaps be greatly exag- | 


gerated, even if our transportation agencies 
were unified under complete government 
control. Fortunately, we can afford to toler- 
ate some economic losses to gain the greater 
advantages that accrue under the stimulus of 
competition which leads constantly to new 
developments and improvements. It is to be 
hoped, of course, that further research will 
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whittle away at the edges of the imponderables 
and provide bases for sounder judgments that 
will reduce the imbalances and inefficiencies 
; that may be present in our transportation 
_ system. 

It bears repeating that the effectiveness of 
: the great productive machine that has made 

; 
Z 






possible such high standards of living in this 
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e. 
As indicated by Davis, Stanton5 made 
‘several references to the effect of small 
-amounts of alkali-reactive aggregates on the 
| expansion of mortar, and to the possibility of a 
{- relation between the amount of the alkali and 
it the amount of the reactive aggregate. In his 
| reply to comments regarding his paper in the 
ss 1942 Transactions of the American Society of 


il Civil Engineers, Stanton states: 
Further attention is called to the 


low percentage of opal required for 
maximum results, as well as the re- 
markably low percentage (in some 
- cases less than 0.5 percent) which 
produces excessive expansion in a 
relatively short time, * *. *, 


Test results available by July 1940, 
led to the conclusion that, since little, 
if any, measurable expansion was 
L, observed with deleterious particles 
i below 80-mesh or 100-mesh size, the 
1 reason for the falling off in expansion 
as the percentage of such particles 
was increased beyond a reasonable 
percentage might be an accelerated 
| reaction between the cement and 
finely dispersed mineral particles. 


‘| Although the underlying cause 
may be that originally suspected, 


‘| - later tests showed that neutraliza- 
| tion also occurs in the presence of 
; ‘excess percentages of coarser particles 
L from which all finer particles have 

been removed. From this it would 
appear that, for maximum reaction, 
fi there is a relation between the 





amount of reactive mineral in any 


) 
| 8 See footnote 2, p. 50. 
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country cannot be attributed alone to the 
wealth of our natural resources, the skill of 
our labor forces, and our efficient use of 
capital in mass production. It rests, also, in 
no small measure, upon the complex but 
remarkably capable transportation system 
that has been developed. And highway 
transportation, all things considered, is per- 


(Continued from page 56) 


unit area and the alkali in the 


cement * * #*, 


In connection with a discussion of the effect 
of added sodium or potassium hydroxide to 
mortar or concrete, Stanton also states: 


It is probable that there is a dif- 
ferent “pessimum” amount of alkali 
for various minerals, just as there 
is a different ‘‘pessimum’’ amount 
of different minerals for a given 
alkali content. 


It is unfortunate that Stanton did not 
inquire further regarding the behavior of 
aggregates containing small amounts of 
reactive material or develop the relation 
between the amount of reactive mineral and 
the alkali in the cement more fully. Lack of 
definite information along these lines as well 
as incomplete knowledge of the behavior of 
low-alkali cements has caused the develop- 
ment of certain assumptions regarding high- 
alkali cements and highly reactive aggregates 
which may be entirely unwarranted. 


Application of Findings 


The application of these findings to the 
apparently anomalous results obtained in 
many previous investigations will readily be 
seen. Specific mention of only one of these 
investigations will be made. It will be 
recalled that in a study of the behavior of 
Platte River gravel as a concrete aggregate, 
Jackson and Kellermann ® reported that the 
gravel was found to contain only 0.3 percent 


6 Volume changes in sand-gravel concrete, by F. H. Jackson 
and W. F. Kellermann. Proceedings of the Highway 
Research Board, vol. 22, 1942. 


haps the most important of all. Not only is 
it a potent competitive force, but it comple- 
ments all other transportation agencies and 
plays an indispensable role in the direct 
satisfaction of human wants. A continuation 
of the phenomenal progress of highway trans- 
portation of the past 50 years is one of the 
great challenges of the future. 


Reaction of Aggregate with Low-Alkali Cement 


opal by weight. This small amount of opal 
was believed by many to be insufficient to 
cause distress of concrete, yet concrete pave- 
ments prepared with this gravel persistently 
developed multiple cracking and excessive 
expansion. From the information shown here, 
the use of an aggregate containing very small 
amounts of opal may be sufficient with a 
particular cement to cause distress of concrete 
due to internal expansion. 

In determinations of the availability for 
chemical reaction of alkali in portland cement, 
it seems to be highly desirable to make tests 
of mortar using sand containing several 
different amounts of reactive mineral. The 
data given here show that determinations 
should be made of the quantity of reactive 
material which will give the maximum amount 
of expansion with the particular cement under 
test. Only by this method can a worth-while 
comparison of the chemical activity of dif- 
ferent cements be obtained. 

If conerete is prepared with a low-alkali 
cement, there is no surety that a nonexpansive 
material will be obtained unless the aggregate 
contains no reactive mineral or sufficient 
reactive mineral to give a low value for the 
alkalireactive aggregate ratio. In the case 
of high-alkali cement, the addition of a small 
amount of reactive matter to the concrete to 
control the reaction may cause the develop- 
ment of more expansion than if the reactive 
matter were omitted. In either case, it is 
believed that tests should be made using the 
cement, the aggregates, and the admixture, if 
any, which are considered for use in the 
proposed construction. Only by the prepara- 
tion and testing of concrete as it will be used 
can information of the stability of the material 
be obtained. 
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Reaction of Aggregate with Low-Alkali Cement 


BY THE PHYSICAL RESEARCH BRANCH 


BUREAU OF PUBLIC ROADS 


ESTS of 36 portland cements varying in 

alkali content} from 0.22 percent to 0.99 
percent indicate, as reported in this article, 
that mortar prepared with any portland 
cement may develop excessive expansion due 
to the reaction between the aggregate and 
sodium oxide or potassium oxide, the alkalis 
in portland cement. An expansion of 0.1 
percent or more at an age of 1 year or less is 
considered as an excessive amount of expan- 
sion. The quantity of alkali-reactive ma- 
terial in the sand needed to obtain a maximum 
reaction appears to be dependent on the 
amount of alkali in the cement. If the ag- 
gregate contains a relatively large amount of 
alkali-reactive material, a low-alkali cement 
probably will cause little if any reaction, 
but the same cement used with a sand 
having only a small amount of reactive ma- 
terial may cause an objectionable expansion. 
Definite information regarding the stability 
of concrete with respect to expansion caused 
by chemical reaction can be obtained only by 
tests of concrete containing the cement and 
the aggregates to be used, combined in the 
same proportions as specified for the work. 


Previous Tests and Conclusions 


In his first report ? on the chemical reaction 
between cement and aggregates, T. E. Stanton 
eoncluded: 


The chemical reaction producing ex- 
cessive expansion apparently occurs 
only when the portland cement com- 
ponent contains an appreciable per- 
centage of alkali in the form of 
sodium and potassium oxides. It 
is of an intensity proportional to the 
percentage of such oxides, apparently 
being of such low order as to be 
negligible when the alkali content is 
less than 0.6 percent. 

Stanton’s use of 0.6 percent alkali to sep- 
arate high-alkali from low-alkali cements has 
been accepted widely and the procedure de- 
veloped by the laboratory of the California 
Division of Highways for the determination 


‘ Sodium oxide and potassium oxide are reported here as 
“total alkali’? with the percentage of alkali given as the sum 
of the sodium oxide content plus 0.658 of the potassium 
oxide content. 

2 Expansion of concrete through reaction between cement and 
aggregate, by Thomas FE. Stanton. ‘Transactions: of the 
American Society of Civil Engineers, vol. 107, pp. 54-84 
1942. 
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Abnormal expansion of concrete, with resulting damage, has been widely ob- 
Previous study of this phenomenon has disclosed 
the cause to lie in the reaction of alkali in the cement with certain reactive 
It has generally been considered in the past that 
the amount of expansion was related to the alkali content of the cement—the 
larger the alkali content, the greater the expansion. 

From the test data reported in this article, it now appears that excessive ex- 
pansion of concrete is governed, not by the cement alkali content alone, but by 
the relation of the alkali content of the cement to the amount of reactive ma- 
Low-alkali cement used with aggregate containing a 
small amount of reactive material may result in objectionable expansion, while _ 
the same cement with aggregate containing a relatively large amount of reactive _ 
material may have little if any reaction. 

It is evident that, if excessive expansion of concrete is to be avoided, the alkali 
content of the cement and the amount of reactive material in the aggregate 
must both be investigated, and their reactive effect explored. Tests should be 
made using the cement, the aggregates, and the admixture, if any, which are 
considered for use in proposed construction. 
testing of concrete as it will be used can information on the stability of the 


served for a number of years. 


materials in the aggregate. 


terial in the aggregate. 


material be obtained. 


of reactive aggregates has been used exten- 
sively. Under this procedure comparisons 
are made between the expansion developed by 
a mortar containing a high-alkali cement 
(0.6 percent or more) in combination with 
the aggregate under investigation and the 
expansion of similar mortars containing the 
same cement and one or more standard 
aggregates of known behavior. These stand- 
ard aggregates include a nonreactive sand 
(silica sand from Ottawa, Ill., is used by the 
Bureau of Public Roads), and reactive sands 
which are obtained by the addition to the 
nonreactive sand of small amounts of material 
containing opal. Several opal-bearing lime- 
stones and cherts were tested by the Bureau 
of Public Roads but different shipments of 
these materials were found to vary in their 
reactivity with alkali and the use of practi- 
cally pure opal was adopted. 

Data published by Stanton and data sub- 
sequently obtained by the Bureau of Public 
Roads showed that the expansion of portland 
cement mortar was influenced by the amount 
and grain size of the reactive material in the 
sand as well as by the particular cement used. 
In figure 1, the effect on the expansion of 
mortar of different percentages of reactive 
material in the aggregates is shown.’ Infor- 
mation developed in the laboratory of the 


? Taken from figure 2, Durability of Concrete as Affected 
by Aggregates, by Thomas E. Stanton. National Sand and 
Gravel Association CireuJar No, 28, 1947. 
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Bureau of Public Roads regarding the ote 
of size of grain of reactive limestone on the 
expansion of mortar is given in figure 2. 
Stanton’s tests (fig. 1) indicate that, 
the case of chert, maximum expansion was 
developed when approximately 5 percent ¢ 
the reactive material was used. On the other 
hand, when the reactive limestone was used, 
Stanton’s tests showed that 20 percent was 
required to develop maximum expansion 
compared with 10 percent in the Bureau : 
tests (fig. 2). As the result of this work, the 
Bureau of Public Roads adopted the practice 
of using, as a standard reactive aggrega 
Ottawa silica sand to which was added 5 o 
10 percent crushed opal by weight. At first, 
little consideration was given to the size 0 
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- the crushed opal other than it pass the No. 


sieve and be retained on the No. 50 sieve 
Later, it was found that variations in the siz 
of the opal caused nonuniform results fro 
test to test, and the practice of using a singl 
size of crushed opal was adopted. For us 
with Ottawa sand, the opal was sieved to th 
No. 16 to No. 30 size. 


Failures with Low-Alkali Cement 


In the earlier phases of investigations of 
the alkali-aggregate reaction, consideration 
was given almost entirely to determining i 
a particular aggregate could be used safely 
with high-alkalicement. Test specimens were 
prepared with the aggregate in question and 
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) each of several high-alkali cements. 











Figure 1.—Effect of 
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Occasion- 
ally a low-alkali cement was also used, but 
the expansion of low-alkali cement mortar 


was usually so small that it was believed a 
_waste of effort to test such material. 


When 
interest developed in possible differences in 


} the activity of different high-alkali cements, 








the same belief of the nonreactivity of low- 


alkali cements prevailed and, except for an 
_ occasional token test, little thought was given 
| to studies of low-alkali cements. 


With broadening of knowledge of the 


_ occurrence of alkali-aggregate reaction in the 
_ field, reports were received of the failure of 


concrete containing low-alkali cement. In 
some instances the type of failure was reported 


_ to resemble that found when reactive aggre- 
_ gates were used with high-alkali cement. 


The receipt of this information recalled certain 
anomalies found in laboratory work with low- 
alkali cements in which excessive amounts of 
expansion of mortar had been observed. A 
review of the test records showed many in- 
stances where mortar prepared with low- 
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alkali cement developed excessive expansion; 
in other work, mortars containing high-alkali 
cement and reactive aggregates gave only 
small amounis of expansion. The number of 
these results as well as several instances of 
duplication of materials used and duplication 
of results, indicated that possibly some features 
of the alkali-aggregate reaction had not been 
given the attention they deserved. 


Available Data Restudied 


These observations indicated the desirability 
of investigating more fully the behavior of the 
low-alkali cements in combination with sands 
containing small amounts of reactive material. 
Instead of initiating a new research project, 
however, it was decided to study certain avail- 
able data from tests which had been under 
way for various periods up to 18 months. 
These tests involved determination of the ex- 
pansion of mortar bars made with a large 
number of cements of varying alkali content 


in combination with aggregates containing 
very small percentages of opal. 

A review of the data for this group of tests 
showed that 36 cements from 35 different 
mills had been tested with graded Ottawa 
sand containing 1, 2, and 5 percent of opal. 
Chemical analyses of these cements are given 
in table 1. Fifteen of the cements had an 
alkali content of less than 0.60 percent, and 
nine contained less than 0.50 percent alkali. 
Only one round of test specimens was made 
with ten of the cements, but two to five 
rounds, depending on the amount of material 
available, were made on different days with 
the other cements. Each round consisted of 
two specimens prepared with each of the 
three test sands. A water-cement ratio of 
0.5 by weight was used for each mortar. 

All specimens were stored in moist air at a 
temperature of 100° F., and determinations of 
change in volume were made at periodic in- 
tervals. Over half of the specimens were 
kept under test to an age of 18 months; tests 
of specimens prepared with the other cements 
were discontinued at earlier ages when an 
excessive amount of expansion was found. It 
is unfortunate that all specimens were not 
tested to an age of at least a year but the over- 
crowding of the storage facilities required the 
removal of some of the specimens. In the 
accompanying data showing expansion of 
mortar, the number of specimens used to 
obtain the values reported is shown. In a 
number of cases, breakage of a test specimen 
or discontinuance of tests for another reason 
caused the deletion of all test determinations 
for the specimens so affected. 


Surprising Results Obtained 


The results of tests for expansion of mortar 
are given in table 2, and are shown graphically 
in figures 3A and 3B. The results obtained 
show a surprising trend. All of the cements 
show more expansion when used with sand 
containing either 1 or 2 percent of opal than 
when used with sand containing 5 percent of 
opal. It has been known for some time that 
if sufficient opal were added to inert sand, a 
mortar could be obtained which would have 
little expansion. However, the amount of 
opal needed to obtain this has been believed to 
be 25 percent or more, and sand containing 
only 5 percent of opal was considered to be 
highly reactive. To find that smaller amounts 
of opal in a sand would cause greater amounts 
of expansion raises a question as to the validity 
of the results obtained in earlier investiga- 
tions, particularly those concerned with the 
availability for reaction of alkali in cement. 

At least one of the three mortars prepared 
with each cement expanded 0.10 percent or 
more at an age of 1 year or less. An expan- 
sion of this amount at an age of 1 year has 
recently been included in a proposed revision 
of the standard specifications for concrete 
aggregates, American Society for Testing 
Materials designation C 33, to indicate an 
aggregate which is objectionably reactive with 
alkali in cement. On the basis of this maxi- 
mum permissible expansion, the results of 
these tests may be interpreted to show that 
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Table 1.—Chemical analysis and compound composition of cements (in percent) 
TORR EOS: Seep ere oy) 2 ek Ree ee 
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23% 


CEMENT 5 
29% ALK. 


Expansion at Eighteen Months 


The average curves shown separately fo 
1, 2, and 5 percent opal are replotted in th 
summary chart in figure 4 for the purpose o 
ready comparison. As both sets of curves ir 
this chart show similar trends and as the tests 
at 18 months may be considered to represent | 
more closely the ultimate behavior of these 
mortars, reference to the curves for the tests 
at 18 months will be made. Possibly the 
most important feature shown is that when 
used with cement of low-alkali content, 0.4 
percent or less, sand containing a small amount 
of opal will produce mortar having an excessive 
amount of expansion (over 0.1 percent) 
while sand with a greater opal content may 
furnish mortar having but little expansion. 
When cements with less than about 0.4 per- 
cent alkali were used, mortars prepared with 
sand containing 1 percent opal had greater 
expansion than those prepared with the other 
two sands. The curve for mortar prepared 
with sand containing 2 percent opal shows low 
amounts of expansion for cements with an al- 
kali content of 0.3 percent or less, and that for 
sand with 5 percent opal shows expansions of 
less than 0.1 percent for cements containing 
about 0.6 percent alkali or less. 

Sand containing 1 percent opal furnished 
mortar with a greater amount of expansion 
than sand containing 5 percent opal when used 
with cement containing about 0.9 percent 
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Chemical analysis Compound composition 
‘ Total ee as 
Cement No. Tie tae alkali 
SiO» Al,O3 Fe:03 CaO MgO SO3 Na,O K;,0 C38 C28 C3A 
1 20.3 6.5 DED 67.3 0.8 1.8 | 0.04 | 0.28 | 0.22 68 7 14 
2 20.4 6.5 2.8 63.7 3.0 el 14 .13 .23 50 21 12 
3 a 5.9 2.0 65.6 1.0 1.9 . 39 .08 . 24 51 25 12 
4 O27 6.0 07 65.5 1.0 1.8 .09 . 28 mo 53 22 he 
5 21.3 5.9 2.9 65.3 ine 2.3 .07 .34 .29 54 21 11 
6 20.9 6.2 2.1 66.1 1.0 1.8 .08 . 82 .29 60 14 14 
7 19.7 Wd 3.2 | 65.1 1.3 oat . 08 .42 . 36 57 i 13 
22.1 5.1 1.8 66.6 neal tla Ze . 32 aii .39 61 17 10 
° 9 20.5 6.2 3.2 65, 2 9 2.3 15 .43 .43 57 16 11 
10 a eee ey ree REE PLN ee tS . 20 47 . 51 Sk te ey oe 
re ieee SOs 3.5 65.1 9 al 14 . 59 . 53 59 12 12 
12 51 atH tR5 8 2.4 65.6 1.0 1.9 .15 . 59 . 54 57 19 11 
13 DONT aloe 2.6 G3) Gull meron? 1.6 .19 153 . 54 55 18 11 
14 22.0 | 5.6 3.0 65.0 | 6 1.8 . 26 .48 . 58 50 25 10 
15 PA Pati Pati || Milne | 9 1.9 44 - 23 . 59 62 15 10 
16 21.8 5.1 2.8 64.7 1.5 1.8 Oi . 60 . 60 54 22 9 
17 at earite te ly dapat ey <a ae . 33 .43 . 61 Boa Fors kee ee 
18 20.9 6.4 1.9 63. 6 3.0 2.2 25 . 56 . 62 48 24 14 
19 | 22.6 5.5 3.0 64.0 28 1.9 sig .70 . 63 42 33 10 
20 Pome Ss pee eae GN Sec ES ry ean eee .35 .43 . 63 ar gs | spe Rael 9 Me 
21 Be | ee arse he an pal ge . 36 .44 . 65 eA es nak | eo a 
22 20. 5 6.1 Bho 64. 6 ciel om) 45 . 84 . 67 55 17 11 
23 Sie ate See Ieee erat) Pa LS ee ee .31 . 54 . 67 2X Regt (ae eas a 
24 ieitor he eknen hee sid IM aR eel baek See BOT . 62 . 68 Cee | gl ots Nh Pa 
25 21.4 5.0 3.6 63.4 ae 1.6 . 62 .10 . 69 52 22 4 
26 FUE Hee aed CT Ree sa .32 . 60 71 Dodd Rene gee 
27 21.1 4.4 4.0 63.4 3.1 Lay, . 23 . 74 72 58 17 5 
28 St welts Viera: AOE a Sek ae . 84 . 61 74 RG Reh | oa 
29 20.9 6.2 3.2 63.1 1.8 1.8 .15 . 67 Sue 47 25 11 
30 PS 5.4 2.6 62.5 3.3 1.8 .29 aT . 80 41 33 10 
31 20.1 | 66 2.8 63. 4 2.9 yf . 40 . 61 -80 52 18 13 
32 Pian |e ees 3.1 63. 6 2.3 1.8 14 | 1.04 . 82 51 24 8 
33 Pras a peers (dy le gt mers ahs 7. ay Pee 34 .76 . 84 Sa ee ea eee 
34 ie Slots ae ge Pier lieg | pee wc B® .34 . 90 - 98 Leet Si aepeese eye 
35 21.4 5.3 2.6 64.9 1.4 1.5 95 . 06 .99 58 18 10 
36 22.6 6.2 Tas 62.1 Lette 22 73 .39 .99 30 42 14 
all cements, even with as little as 0.22 percent 
alkali, may furnish mortar which will expand 0.5 
excessively if sand with a critical amount of CEMENT 1 
alkali-reactive substance is used. 0.22 % ALK. 
All of the eight cements in the group which 
had less than 0.40 percent alkali (cements 1-8) ee 
gave more expansion when used with sand con- 
taining 1 percent opal than when used with 
sand containing larger amounts of the reactive 0.0 
mineral. Twenty-five of the twenty-eight 0:3 
cements having more than 0.40 percent alkali CEMENT 
.-) 
(cements 9-36) gave as much, or more, expan- 0.27 % ALK. 
sion with sand containing 2 percent opal as 5 0.25 
with sand containing 1 percent and all showed 
more expansion with 2 percent opal than with a 
5 percent. om He 
The relation between the alkali content of ne 05 
the cement and the expansion of mortar at g 
ages of 1 and 18 months is shown in figure 4. = 
Mortar prepared with sand containing 1 a3 
percent opal developed maximum expansion Ww 0.25 
at 18 months with cement containing 0.6 to 
0.7 percent alkali. With greater amounts of 
alkali, a regression of the expansion of the 0.0 
mortar was f ; 0.5 
ta was found % OPA 
When sand with 2 percent opal was used, 
maximum expansion of mortar at 18 months 
was obtained with cement containing about 0.25 
0.9 percent alkali. The data shown for mor- nas 
tar prepared with sand having 5 percent opal AT in 
indicate that for this condition the maximum 
expansion of mortar at 18 months may be 0.0 
O 6 12 180 6 


obtained with cement having considerably 
more alkali than any cement used in these 
tests. It seems probable that this curve 
would flatten out as do those for 1 and 2 per- 
cent opal. 
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Figure 3A.—Expansion of 1: 2 mortar prepared with cements hav- 
ing various percentages of alkali content and sand containing 


1, 2, and 5 percent opal. 
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Figure 3B.—Expansion of 1: 2 mortar prepared with cements having various percentages of alkali content and sand containing Ls 
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ALKALI- OPAL RATIO (LOG. SCALE ) 


Figure 5.—Relation between alkali-opal ratio and expansion of 1 : 2 
mortar prepared with sand containing 1, 2, and 5 percent opal. 


alkali or less, and sand containing 2 percent 
opal furnished mortar which expanded more 
than that prepared with 5 percent opal for all 
cements included in these tests. The trend of 
the curves indicates that for cements contain- 
ing about 1.1 percent alkali or more, mortar 
prepared with sand containing 5 percent opal 
would have greater expansion than that pre- 
pared with sand containing 2 percent opal. 


Alkali-Opal Ratio Important 


From the above it appears that, for mortar 
of maximum expansion, the alkali content of 
the cement must increase as the opal content 
of the sand increases within the range of chem- 
ical content’ of the materials used in these 
tests. This suggests that a ratio of alkali 
content to opal content might be used to indi- 
cate for mortar of given proportions the com- 
bination of cement and aggregate which will 
furnish the most undesirable characteristics to 
the mortar, and also the combinations which 
will produce mortar having relatively a small 
amount of expansion. The use of such a 
ratio is shown in figure 5. 

In this figure, the values plotted are those 
for each of the three mortars prepared with a 
given cement at the greatest age shown in 
table 2 common for all three mortars. Some 
of these values were determined at an age of 
1 month, others at ages of 6, 12, and 18 months. 
Although the values plotted have considerable 
dispersion, they serve to illustrate the devel- 
opment of maximum expansion for a particu- 
lar combination of cement and reactive sand 
and not necessarily for cement of the maxi- 
mum alkali content. 

With the materials used in these tests, the 
maximum amount of expansion of mortar was 
obtained when the alkali-opal ratio was ap- 
proximately 0.4. This is, of course, an aver- 
age value representing the three reactive 
sands used in these tests. Low amounts of 
expansion, that is expansions of less than the 
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0.1 percent cited by the proposed A.S.T.M. 
specification C 33, were obtained with com- 
binations of cement and aggregate having an 
alkali-opal ratio of 0.13 or less. Thus it 
appears that highly reactive aggregates and 
cements containing high amounts of alkali 
may furnish mortar or concrete with less ex- 
pansion than aggregates containing small 
amounts of reactive material and low- or 
moderate-alkali cements. 


Maximum Expansion Considered 


Frequent mention has been made here of 
the maximum expansion of mortar or con- 
erete. In consideration of the expansion of 
materials due to the alkali-ageregate reaction, 
the development of an objectionable amount of 
expansion, which may be much smaller than 
the maximum amount, must not be ignored. 
However, in comparisons between different 
materials, the maximum expansion obtained 
may be that considered in the selection of a 
material or a combination of materials for use. 
In this discussion, consideration of the maxi- 
mum expansion found is believed permissible 
provided attention is directed to the desira- 
bility of establishing, when needed, limiting 
values for the expansion. 

It is probable that the alkali-reactive aggre- 
gate ratio for maximum expansion of mortar 
or concrete will vary depending on the charac- 
teristics of the reactive aggregate used. If 
the reactive aggregate is wholly opal, the 
ratio for maximum expansion may be close 
to that determined here. If the reactive 
aggregate is semi-opal, or volcanic glass, or 
any of other alkali-soluble forms of silica, the 
ratio which will give the most undesirable 
properties to the cement product may be quite 
different from that mentioned here. 

Many additional tests would be required to 
develop this relation fully, and at present 
there seems to be little need for this complete 
determination. The number of cements in- 


limit of 5.0 percent. 


that shown by mortars prepared with cement; 


cluded in these tests and the uniformity 
the results obtained appear to be sufficie a 
to warrant the statement that, for the maxi 
mum expansion of a mortar of given propor 
tions, the controlling factor is the alkali 
reactive aggregate ratio and not the tota 
alkali in the cement. 
Particular attention was given’to the magi 
nesia content of each cement, as it has beei§ 
stated that magnesia joins with the alkali i§ 
promoting reaction with the aggregate. Onhk 
five of the cements for which complete analy 
ses are shown have 3.0 percent or mor 
magnesia, and none exceed the specification 
Only one of thes 
cements (cement 2) produced mortar with ; 
significantly greater amount of expansion thai 


of about the same alkali content but witl 
appreciably less magnesia. No well-definec 
relation between any of the determination 
of the oxides, other than the alkali, and thi 
expansion of mortar can be found in thes 
data. 


Similar Results Found by Others 


Subsequent to the development of the con 
clusions reported here, attention was draw1 
to work along similar lines by C. E. S. Davis 
of the Commonwealth Scientific and Indus 
trial Research Organization of Australia. 
Tests were made of mortar prepared witl 
inert sand containing 2.5, 5.0, and 10.0 percen 
opal and cements having from 0.03 to 1.9 
percent sodium oxide. The cements wer 
prepared in the laboratory. In a summary 
of the results of these tests, the following 
statements were made: 











The rate and amount of expansion 
depended also on the opal content of 
aggregate and on the opal to soda 
ratio. The most striking illustration 
of this was that low-soda clinkers 
(containing 0.35—-0.49 percent Na,O), 
which did not cause significant ex- 
pansion with aggregates containing 
5 percent opaline rock, eventually 
expanded mortar made with aggre- 
gates containing 2.5 percent of opal- 
ine rock. It may thus be inferred 
that clinkers of even lower soda 
content may cause expansion if made 
into mortar with aggregates con- 
taining 2.5 percent or less of opaline 
rock. 

As the soda content of clinker in- 
creased, the amount of opal required 
for maximum expansion (Stanton’s 
‘Sessimum proportion’’) also in- 
creased. 


Although he did not develop the informatior 
as fully as might be desirable, Davis’ reference 
to the opal to soda ratio and his inference 
regarding the behavior of cements of ver} 
low-alkali content agree substantially with 
the findings of this investigation. 
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(Continued on page 49.) 


4 The effect of soda content and of ccoling rate of portlan 
cement clinker on its reactions with opal in mortar, by C.E. 
Davis. Australian Journal of Applied Science, vol. 2, No.1) 
March 1951. | 
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